Abstract. Local atomic arrangements were investigated as a model of amorphous iron in terms of Voronoi polyhedra for a dense random packing of hard spheres with and without relaxation. The structure of liquid iron was also simulated in a computer. As a result of relaxation, the frequency of five-edged faces increases at the expense of others, particularly the three-and seven-edged components. The amorphous structure was microscopically described as a mosaic of crystalline and noncrystalline polyhedra.
Introduction
There have been many attempts to simulate the structure of amorphous metals and alloys (see review articles by Cargill 1975 and by Finney 1977) , most of which are based on a concept of dense random packing (DRP) of hard spheres (Bernal 1960) . The postulated models are usually required to satisfy at least the two following conditions; (i) they should reproduce the experimental pair-distribution function (PDF), and (ii) they should have a high packing fraction ' I, like crystalline materials. Since the Bernal model (1960) could not explain the experimental PDFS of glassy metals, much effort has been spent in refining it and obtaining a realistic model. By 'realistic' we mean the model which satisfies the above requirements.
The detailed structure of a random packing depends upon many factors of modelling, the softness and nature of the interatomic potential, the nature of the boundary, and the preparation conditions or the packing algorithms. Connell (1975) and Koskenmaki (1976) have taken into account in their modelling realistic interatomic potentials. Besides these works, DRP assemblies were relaxed using the soft potentials, Morse potential (von Heimendahl 1975) and Lennard-Jones potential (Barker et al 1975) . It is possible now to generate a realistic structural model by various methods. the hard-sphere gas compression (Finney 1976) . the relaxation of DRP model using suitable potentials (Yamamoto et a1 1978b) , the simulation of quenching from the liquid state (Rahman er al 1976 . Kristensen 1976 , Woodcock er al 1976 and the relaxation of the crystal containing dislocations of saturation density (Koizumi and Ninomiya 1978, 1979) .
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Thus one of the purposes of earlier studies in this field was achieved by these works. We d o not know, however. how we should describe the structural details in different models, and what is the essential feature of random packing common to various structures. The problem is closely related to the local atomic arrangement or the short-range order itself. The PDF will n o longer be a useful tool. even though it may indicate some types of structural inhomogenities existifig in the models (Boudreaux and Gregor 1977) . In this respect. two complementary approaches are known to us: the polyhedron and cavity analyses. These are very useful in making statistical comparisons between different random packings of either hard or soft spheres. It is the purpose of this paper to carry out such analyses on the model of amorphous iron obtained by the present authors (Yamamoto er a / 1978b) and to answer the above questions.
We shall briefly review the previous results of the polyhedron and cavity analyses. It is not surprising that the Bernal model is the only example thoroughly studied in both respects, because most workers have been mainly concerned with making a realistic structure and the detailed analyses have been omitted. Bernal (1960) reported that when the DRP structure is described as an assembly of polyhedral holes with atoms at the vertices. only five different kinds of holes (canonical holes or Bernal holes) are present. Recently, Whittaker (1978) re-examined more carefully the cavity analysis of the Bernal model and obtained essentially the same result. The polyhedron analysis was performed by Finney (1970) for the large Bernal model which contains 7994 hard spheres.
Using the Lennard-Jones potential. Barker er al (1975) have relaxed the Bernal model and found that the decrease in volume and the average face-count of polyhedra on relaxation are closely related to the existence of the icosahedral arrangement of atoms. Correlation between the density and icosahedral arrangement was extensively investigated by Finney (1976) for a series of packings constructed by the compression of a hard-sphere gas. They have not studied. however. what shapes the cavities will take in their models.
As was pointed out by Everett (1967) only one particular division of space has been examined in determing the types and the numbers of occurrence of holes (Bernal 1964 , Whittaker 1978 . It is not certain whether it is unique. One may also ask how these holes fill the whole space. in other words their geometrical connection in three-dimensional space. An answer to the latter question was given by the dislocation model. According to this theory (Kotze and Kuhlmann-Wilsdorf 1971, Cotterill et al 1975) . the structure of noncrystalline materials is regarded as a crystal saturated with dislocations. Ninomiya (1977 Ninomiya ( , 1978 has indicated that large Bernal holes, the trigonal prism. tetragonal dodecahedron and Archimedean antiprism can be considered as the atomic configurations appearing in the cores or at the nodes of dislocations. If we accept this picture. large holes arrange along the dislocation lines or the dislocation network. For this reason, it is necessary to investigate the geometrical connections of cavities as well as usual polyhedron and cavity analyses. Such an attempt is also carried out in this paper.
Models

Ai?7or~phoirs iror7
The models used here are the unrelaxed Ichikawa model (Ichikawa 1975 ) of k = 2.0 and the relaxed structure (taken to be the model of amorphous iron) by the empirical Pak and Doyama (1969) . These assemblies are nearly spherical and contain 900 atoms. The PDFS are shown in figures l(a) and (h). before and after relaxation respectively. The normalised peak positions of PDFS and the packing fractions are tabulated in table 1 with the related data, where r1 is the position of the first peak of PDFS. In figure l(c). we have shown the PDF of the Bernal model calculated by Finney ( 1 970) for comparison. The splitting of the second peak of the PDF becomes clearer and the relative height of two subpeaks reverses in contrast to the unrelaxed one. Although there remain small discrepancies between calculated and experimental PDFS. the peak positions and peak intensities are satisfactory compared with the experiments. The packing fraction was slightly improved by structural relaxation. (Ichikawa 1973 ) (broken curve. experimental: full curve. relaxed); (c), the PDF of the hard-sphere Bernal model (Finney 1970) ; ( d ) . the PDF of simulated liquid structure of iron (broken curve) compared with the experimental PDF (Waseda and Tamaki 1975 
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A liquid structure may be generated in a computer by conventional molecular dynamics techniques. Employing the method of Woodcock (1971) , a canonical ensemble at the melting point of iron was simulated under periodic boundary conditions. The model size was limited to 686 atoms by the computer, and the number density of liquid iron was set as the experimental value, 0.0756 atoms/A3 (Waseda and Ohtani 1974) . We used the potential of Pak and Doyama (1969) also in this simulation so as to compare the liquid structure with the amorphous one (the relaxed model). When the PDF had nearly converged, a snapshot of the atomic configuration was used as a model structure of liquid iron. The calculated PDF and its related data are shown in figure l(d) and table 1 respectively. Somewhat unexpectedly, the experimental PDF (Waseda and Tamaki 1975) is rather well reproduced in spite of the fact that the interatomic potential used is for the crystalline x Fe.
The polyhedron analysis
I . Method
The Voronoi polyhedron (whose definition can be found, for example, in Finney 1970) is a useful tool to investigate the statistical geometry of the three-dimensional array of points. Whole space is completely filled with a network of such polyhedra and each polyhedron reflects its local atomic arrangement in its shape. For regular packing, the Voronoi polyhedron reduces to the Wigner-Seitz cell.
Avoiding the surface effect, we have calculated the Voronoi polyhedra of 320 atoms situated in the central part of the three models described in the previous section. For such a small system, sizeable fluctuations are inevitable in calculating various average values for the polyhedra. Nevertheless, the present results will be useful for qualitative discussions on the amorphous structure.
Each polyhedron may be characterised by a set of integers, (n3.n4n5,. . .). where n i represents the number of i-edged faces existing in that polyhedron. In terms of this notation, the Wigner-Seitz cell of FCC and BCC lattices are written as (0, 12, 0) and (0. 6. 0. 8) respectively. figure 3 the results of Barker et al (1975) for the polyhedron face-frequency, where A, B and C are respectively the hard-sphere Bernal model, the relaxed Bernal model and the Lennard-Jones crystal at melting point. A slight downward shift in the maximum of the volume distribution was observed, but the FWHM increases a little, which contrasts to the relaxed Bernal model (Barker et al 1975) . This implies that the unrelaxed Ichikawa model contains a larger number of small voids than the Bernal model, and these were crushed through the relaxation process. The local volumes effectively occupied by atoms in the liquid are variable, as was expected. and the distribution is quite asymmetric. On the other hand, the frequency of the five-edged faces greatly increases at the expense of others, particularly the three-and seven-face components. as observed by Barker er al (1975) . The predominance of the five-edged face is characteristic, which makes the amorphous structure distinguishable from the others.
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Some types of polyhedra are useful in describing the amorphous structure. by addition of one and two faces respectively. It should be noted that the 13-atom icosahedron is the most densely packed atomic arrangement among small clusters (Hoare and Pal 1972) . and its five-fold symmetry is an essential feature of random packings. From these considerations. some particularly significant polyhedron types may be considered to be indicative of crystallinity or noncrystallinity of local structure.
We have calculated the frequencies of six kinds of polyhedra for the unrelaxed and relaxed models. which are shown in table 3 in comparison with the results of Barker et al (1975) . Considerable increases in the populations of noncrystalline polyhedra have been found on relaxation, whereas the frequencies of crystalline polyhedra reduce except the (0, 3, 6) type. These trends are consistent with the observations of Barker et al (1975) neglecting the case of (0, 4. 4) type. It is one of the main results of this study that the effect of relaxation is universally nearly irrelevant to the starting DRP model chosen. There exists, however, some discrepancies between the resulting structures. To visualise the local atomic arrangements, two sections of the polyhedral network of the relaxed model are shown in figures 6(a) and (h). The only example of a nucleus of crystal we could find. (0. 6, 0. 8) type, is represented in figure 6(a) . Figure 6(b) shows the distorted icosahedra with surrounding polyhedra. One may derive from these figures an intuitive picture of the amorphous structure. that is. a mosaic of crystalline and noncrystalline polyhedra interconnecting the densely and loosely packed regions.
The cavity analysis
Method
Cavities were searched in two different ways for the inner 92 polyhedra of the relaxed model.
(i) For every vertex of a polyhedron. a hole was constructed by the atoms whose polyhedra share the vertex considered.
(ii) For every face of a polyhedron. a hole was constructed by the atoms whose polyhedra share at least one of the edges or one of the vertices associated with the face considered.
These are schematically illustrated in figure 7 for the two-dimensional case. Cavities XYZ and ABCD may be searched by the procedures (i) and (ii) respectively. Since all holes (convex holes) found in this way are not independent of each other. a number of ways is possible in reconstructing the whole model by these cavities. which contrasts with the results of Bernal (1964) and Whittaker (1978) . It seems to be more natural, however, rather than to assume that only one particular division of space is possible. A hole can be described topologically in terms of a set of integers [n,. n4, n 5 . . .]
as in the description of polyhedra, where iti denotes the number of vertices of the hole at which i edges cross.
Results of the cavity analysis
The main results are summarised as follows: (i) All the Bernal holes were found also in our model of amorphous iron. Bare trigonal prism and bare Archimedean antiprism were not observed by the present methods. All the numbers of occurrence of observed holes are reported in our recent paper (Yamamoto et al 1978) . Whittaker (1978) has found some types of cavities which are different in appearance from the canonical holes, andalusohedron. oblate trigonal bipyramid, and trigonal heptatope. If we divide the flexed squares of these cavities into two three-edged faces, then these reduce to our notations [4. 0, 01, [2, 3, 01 and [I, 3, 31. respectively. (ii) Tetragonal dodecahedron (TD) was much more frequent than the trigonal prism capped with three half-octehedra (TP). This result cannot be compared in a straightforward manner with previous results (Bernal 1964 , Whittaker 1978 , because TDS and TPS are not independent of each other in the present case. The size distribution of TD volumes is presented in figure 8 . This indicates that TD of smaller volume than the ideal TD appears more frequently. It should be said that the success of the Polk model (Polk 1972) in predicting the glass forming region of metal-metalloid systems was very fortunate (see the discussions by Yamamoto er al 1978c), because his arguments were based on the idealised forms of canonical holes.
(iii) TDS and TPS are of particular interest, because these holes are the core structures of dislocations (Ninomiya 1977 (Ninomiya , 1978 . Through trial and error, we could construct a chain of independent 21 TDS and 6 TPS while preferentially retaining the face-contacting holes as long as possible (Yamamoto et al 1978d) . In order to see the deviation in local structure around the chain from the bulk. we have calculated Ideo1 TD as before the frequencies of six kinds of polyhedra only about the polyhedra of which 21 TIX are composed. These values are tabulated in the last column in table 3. As was anticipated. the numbers of the distorted icosahedra are small around the chain. On the other hand. other large holes cannot be compatible with the chain so formed. and remaining vacant space is filled only by tetrahedra or octahedra. The projection of the resulting chain is shown in figure 9 , where hexagon (TP) or circle (TD) is plotted at the centre of mass of each cavity. Solid and broken lines denote the edge-contact and face-contact of two neighbouring holes, respectively. This result firstly provides an example of connected large Bernal holes. and makes the dislocation model of the amorphous structure more plausible. If we sum up the distances between neighbouring centres of mass of cavities and regard it as the length of dislocation line, the dislocation density can be easily calculated. It becomes 3.4 x l O l 4 cm'. which is in the same order as the densities used for modellings of liquid or glass (Kotze and Kuhlmann-Wilsdorf 1971 , Jensen et al 1973 , Koizumi and Ninomiya 1978 , 1979 . This values is in excess of the upper limit of dislocation density or saturation density. 0.24 -1.08 x 10'3/cm'. for copper, estimated by o chain of Bernol holes ,,b 0' Figure 9 . The resulting chain of independent TDS (circles) and TPS (hexagons) is projected onto a plane. Solid and broken lines denote face and edge contacts respectively between the neighbouring holes. Cotterill (1977) . He has concluded that when the dislocation density exceeds a certain threshold value, a fundamental change in structure might occur, producing an atomic configuration like the random packing of spheres that might not be describable by stable dislocations. Even though it is physically plausible that a stable dislocation cannot exist in the amorphous state, one cannot ascertain whether this result based on the theorq of crystalline dislocation does hold in such a case that the cores of dislocation overlap.
